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activity through cyclic GMP pathway in proximal rat trachea
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Abstract

Ž . q qAge-related changes in the modulatory action of nitric oxide NO on cyclic GMP levels and Na ,K -ATPase activity in the proximal
rat trachea were investigated using sodium nitroprusside, 8-bromo-cyclic GMP and okadaic acid. At 24 months, both control activities of
Naq,Kq-ATPase and Mg2q-ATPase were decreased when compared to the segments from 4- and 12-month-old animals. However, cyclic

Ž . q qGMP levels were similar among the three ages. Sodium nitroprusside 100 mM induced stimulation of Na ,K -ATPase activity in
segments from both 4- and 12-month-old animals, but not 24-month-old animals. The effect was specific for Naq,Kq-ATPase since
Mg2q-ATPase activity was unaffected. Sodium nitroprusside induced an increase in nitratesrnitrites and cyclic GMP levels in proximal

Ž . q qsegments at 4, 12 and 24 months. The 8-bromo-cyclic GMP 100 mM induced a similar specific stimulation of Na ,K -ATPase activity
Ž .in segments from 4- and 12- but not 24-month-old animals. Okadaic acid 1 mM , a phosphatase-1 inhibitor, increased proximal

Naq,Kq-ATPase but not Mg2q-ATPase activity in tissues from 4-, 12- and 24-month-old animals. Our results suggest that aging affects
cyclic GMP pathway in proximal rat trachea by an action at the level of the cyclic GMP-dependent protein kinase. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

According to the free radical theory, one of the most
prominent current theories of aging, altered mitochondrial
metabolism can cause cell death and abnormal function
Ž .Beal et al., 1993 . Regarding this theory, several reports

Ž .suggest that the increase in nitric oxide NO in the pineal
gland and anterior pituitary may be an important factor in

Ž .aging McCann, 1997; McCann et al. 1998 . In addition,
Ž .aging modifies the N-methyl-D-aspartate NMDA -NO-

Žcyclic GMP pathway in rat central nervous system Peter-
son and Cotman, 1989; Tamaru et al., 1991; Wenk et al.
1991; Cimino et al. 1993; Lipton, 1994; Vallebuona and

.Raiteri, 1995 .
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Smooth muscle relaxation induced by NO-generating
compounds has been considered to be mediated by the
increase in cyclic GMP, formed through NO catalytic
action on soluble guanylyl cyclase, which in turn, activates

Žcyclic GMP-dependent protein kinase Katsuki and Murad,
1977; Murad et al., 1978; Buga et al., 1989; Gruetter et al.,
1989; Nijkamp and Folkerts, 1994, 1995; Torphy, 1994;

.Folkerts et al., 1995 .
Relaxation of airways smooth muscle of several species

elicited through non-cholinergic-non-adrenergic innerva-
Žtion is thought to be mediated by NO Katsuki and Murad,

1977; Murad et al., 1978; Buga et al., 1989; Gruetter et al.,
1989; Li and Rand, 1991; Belvisi et al., 1992; Ellis and

.Undem, 1992; Nijkamp and Folkerts, 1994 . In addition,
NO is also involved in airway inflammation and, therefore,
it is assumed that NO plays a double role in the regulation
of physiological and pathophysiological processes of air-

Ž .ways Barnes and Belvisi, 1993; Belvisi et al., 1995 .
Naq,Kq-ATPase is a member of a family of transmem-

brane spanning enzymes consisting of two different poly-
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Ž .peptides, a catalytic and b subunits. In the rat, three
isoforms of a subunit and three of b subunit have been

Židentified Sweadner, 1989; Arystarkhova and Sweadner,
.1997; Besirli et al., 1997 . Recently, we demonstrated that

NO, through generation of cyclic GMP and stimulation of
cyclic GMP-dependent protein kinase, plays an important
role in the modulation of Naq,Kq-ATPase activity in the

Žproximal segment of rat trachea De Oliveira Elias et al.,
.1999 . Studies of the non-adrenergic non-cholinergic-

NOrcyclic GMP pathway in muscle strips from the gastric
fundus have demonstrated that the relaxant responses to
sodium nitroprusside, 8-bromo-cyclic GMP and zaprinast
were reduced with age, although sodium nitroprusside
induced a similar elevation of the cyclic GMP content in

Žtissue from 3-, 12- and 24-month-old animals Smits and
.Lefebvre, 1995 .

Although chronic inflammatory pulmonary disease is
one of the most common respiratory diseases in advanced
life, the airway system has received little attention in

Žexperimental studies on aging Escolar et al., 1995; Rossi
.et al., 1996; Renwick and Connolly, 1999 . In order to

investigate the age-dependent alterations in the NOrcyclic
GMP pathway in the proximal segment of rat trachea, we
studied changes in the effects of sodium nitroprusside,
8-bromo-cyclic GMP and okadaic acid on Naq,Kq-ATPase
activity in proximal trachea from 4-, 12- and 24-month-old
animals. In addition, the effect of sodium nitroprusside on
cyclic GMP and nitriternitrate levels of the proximal
segments of rat trachea in the three age groups was also
evaluated.

2. Materials and methods

2.1. Tissue preparation

Ž .Male Wistar rats 4-, 12- and 24-month-old were killed
Ž .with an overdose of chloral hydrate )400 mgrkg, i.p. ,

exsanguinated and the thorax was cut open. The trachea
was removed and dissected free of adherent connective

Žtissue. The proximal corresponding to three to five first
.cartilaginous rings close to the larynx segments from 10

Žanimals from each group were pooled, and slices 0.3=
.0.3=1 mm were prepared on a Brinkmann tissue chop-

per, washed extensively to remove small particles, cooled
Ž .to 48C and resuspended 15 mgrml in buffer containing

Ž .in mmolrl : NaCl, 137; KCl, 5; MgSO , 0.8; CaCl , 1.0;4 2

HEPES, 10; and NaOH to adjust the pH to 7.4 at 348C.

2.2. Measurement of Naq,K q-ATPase actiÕity

ŽThe drugs sodium nitroprusside, 8-bromo-cyclic GMP,
. Ž .okadaic acid were added 10 ml to tubes containing

Ž .990-ml aliquots of the tissue preparation five replicates ,

incubated for 15 min at 348C, and then rapidly frozen on
dry ice to stop the reaction. The samples were thawed,
centrifuged at 3700=g for 15 min, and the supernatants
were removed, heated at 908C for 5 min to prevent degra-
dation of cyclic GMP, and kept at y808C for cyclic GMP

Žassay. A fresh reaction buffer 1.0 ml of ATPase reaction
buffer containing, in mmolrl: NaCl, 85; KCl, 20; MgCl ,2

4; EGTA, 0.2; histidine, 30; and NaOH 10 N, approxi-
.mately 20 ml to adjust to pH 7.2 at 348C was added to

each tube. The tissue was homogenised, centrifuged at
3700=g for 15 min, and the supernatant was removed
and similar new fresh buffer was added, followed by the

Ž .addition of a V concentration 10 mM of ATP and 0.3max

up to 0.5 mCi of g-32 P-ATP. The tubes were incubated for
Ž .30 min at 348C, and aliquots 100 ml of reaction buffer

were periodically withdrawn from each tube for hydrol-
ysed 32 P assay. Hydrolysed 32 P was measured by scintilla-
tion counting of labeled ATP by addition of five volumes
of 5% trichloroacetic acid containing 10% activated char-
coal and 1-mM NaH PO . For determination of the2 4

ouabain-sensitive portion of total-ATPase activity, 32 P re-
leased in complete buffer for each group was compared to
the activity of identically treated slices incubated in reac-
tion buffer containing 3-mM ouabain. This latter, ouabain-

Ž 2q .insensitive ATPase Mg -ATPase was subtracted from
Ž .that found earlier total ATPase and the activity was

corrected for protein content, determined in the ho-
Ž .mogenised tissue by colorimetric Biorad, Melville, NY

assay. Under the incubation conditions used for the AT-
Pase reaction, Naq, Kq and Mg2q were saturating and
basal Naq,Kq-ATPase was optimised.

2.3. Cyclic GMP measurement

The content of cyclic GMP in the supernatants was
determined by radioimmunoassay after acetylation of the

Ž .samples DuPont–New England Nuclear, Boston, MA .
Preliminary experiments indicated that the amount of cyclic
GMP released after the permeabilization procedure was
equivalent to that released after homogenisation of slices.

2.4. Determination of nitriternitrate

Ž . Ž .Sodium nitroprusside 100 mM was added 10 ml to
tubes containing 990-ml aliquots of the tissue preparation
Ž .five replicates , incubated for 15 min at 348C, and then
rapidly frozen on dry ice to stop the reaction. Samples
were thawed, homogenised, centrifuged at 3700=g for 15
min and the supernatants were removed. NO production
was determined indirectly by quantification of the ni-

Ž .tratesrnitrites levels, as described by Green et al. 1982 .
Ž .In brief, samples 50 ml were incubated with the same

volume of Griess reagent at room temperature for 10 min.
Absorbency was determined with an ELISA Multiskan
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microplates reader at 550 nm. The results were plotted on
a standard curve generated by analysing standards to which
nitrate and nitrite had been added in known ratios.

2.5. Reagents

Routine reagents, sodium nitroprusside and ouabain
Ž .were obtained from Sigma St. Louis, MO . ATP tetra-

Ž . Ž 32 . Ž .triethylamonium salt G- P 6000 Cirmmol was
purchased from DuPont–New England Nuclear. 8-bro-
mo-cyclic GMP and okadaic acid were obtained from

Ž .Research Biochemicals International Natick, MA .

2.6. Statistics

All data are presented as means"SEM of three inde-
pendent experiments. In each experiment, five replicates
were quantified. Statistical comparisons were performed

Ž .by one-way analysis of variance ANOVA followed by
Žthe Student–Newman–Keuls test Snedecor and Cochran,

.1967 . All P-0.05 were considered to reflect a statisti-
cally significant difference.

3. Results

3.1. Age-related changes in Naq,K q-ATPase and Mg 2 q-
ATPase actiÕity of proximal rat trachea

The Naq,Kq-ATPase and Mg2q-ATPase activities in
control groups were similar in segments from 4- and
12-month-old animals but decreased in proximal trachea

Ž .isolated from 24-month-old animals Fig. 1a–c .

3.2. Effects of NO-donors on Naq,K q-ATPase and
Mg 2 q-ATPase actiÕity, and cyclic GMP and nitratesr
nitrites leÕels in proximal rat trachea

Ž .The NO-donor sodium nitroprusside — 100 mM sig-
nificantly increased Naq,Kq-ATPase activity in the proxi-
mal trachea of either 4- or 12-month-old rats, but did not
change the activity of the enzyme of 24-month-old animals
Ž . 2qFig. 2a . On the other hand, Mg -ATPase activity was
not changed by sodium nitroprusside in tissue from any

Ž .age studied Fig. 2b .
Sodium nitroprusside was able to increase cyclic GMP

and nitritesrnitrates level to a similar degree for all ages
Ž .tested Table 1 . Therefore, although sodium nitroprusside

did not activate Naq,Kq-ATPase in the older group, this
NO-donor was effective in increasing cyclic GMP and
nitritesrnitrates levels. This finding suggested the hypoth-
esis that some step downstream from cyclic GMP genera-
tion was impaired in the 24-month-old animals.

Ž . q q Ž . 2qFig. 1. Time course of the a Na ,K -ATPase and b Mg -ATPase in
4-, 12- and 24-month-old rat proximal trachea. The homogenised tissue

Ž . q qfrom 4- and 12- month-old rats yielded c Na ,K -ATPase activity of
197.8"14.9 and 164.3"11.8 nmol of Pi per mg of protein per minute,

Ž .respectively, while in old 24-month-old rats it was 105.1"3.4 nmol of
Ž . 2qPi per mg of protein per minute. c The Mg -ATPase activity was

403.8"34.2 nmol of Pi per mg of protein per minute in 4-month-old
animals and of the 390.6"28.0 nmol of Pi per mg of protein per minute

Ž .in 12-month-old animals, while in old 24-month-old rats it was 272.7"

24.3 nmol of Pi per mg of protein per minute. Both Naq,Kq-ATPase and
2q Ž .Mg -ATPase activity from all ageing groups 24-month-old animals

were different from those in 4- and 12-month-old animals. Statistical
analysis — Naq,Kq-ATPase: U control-4sUU control-12)control-24;
Mg2q-ATPase: UU control-4 sUU control-12 ) control-24, U P - 0.01;
UU P -0.05.

3.3. Effects of 8-bromo-cyclic GMP on the Naq,K q-
ATPase and Mg 2 q-ATPase actiÕity of proximal rat tra-
chea

Naq,Kq-ATPase activity was measured in proximal
segments of trachea from 4-, 12- and 24-month-old rat
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Ž . q qFig. 2. Effects of sodium nitroprusside SNP-100 mM on Na ,K -
ATPase and Mg2q-ATPase activity in proximal rat trachea from 4-, 12-
and 24-month-old animals. Homogenates were incubated with each drug
for 15 min at 348C. Following incubation the drug was removed and
ATPase was assayed. Mg2q-ATPase activity was measured in the pres-
ence of 3 mM ouabain. Naq,Kq-ATPase was determined from the
difference between total ATPase and Mg2q-ATPase activity. Statistical
analysis — Naq,Kq-ATPase: U SNP-4sU SNP-12)control-4scontrol-
12)UU control-24sUU SNP-24, U P -0.001; UU P -0.05.

Žtrachea after incubation with 8-bromo-cyclic GMP 100
.mM . Data showed that 8-bromo-cyclic GMP increased

Naq,Kq-ATPase activity in proximal segments of 4- and

Table 1
Ž .Effects of sodium nitroprusside 100 mM on cyclic GMP and

nitritesrnitrates levels in proximal rat trachea
Sodium nitroprusside was added to proximal segments and cyclic GMP
and nitritesrnitrates levels determined. Values shown are mean"SEM of
triplicate samples, each assayed for cyclic GMP and nitritesrnitrates in
duplicate.

Months Control Sodium nitroprusside

( )Cyclic GMP fmolrmg
a4 6.12"0.42 9.42"0.80
a12 5.86"0.31 10.02"0.56
a24 5.54"0.23 9.54"0.74

( )Nitritesrnitrates mMrmg
a4 157.5"11.5 221.2"6.5
a12 160.1"14.2 215.8"6.5

b24 158.4"9.3 206.7"10.4

aStatistical analysis compared to control: P -0.01.
bStatistical analysis compared to control: P -0.05.

Ž12-month-old but not of 24-month-old rat trachea Fig.
.3a . On the other hand, 8-bromo-cylic GMP induced no

change in Mg2q-ATPase activity in proximal segments of
Ž .rat trachea from the three ages studied Fig. 3b .

3.4. Effect of inhibition of protein phosphatase on
Naq,K q-ATPase and Mg 2 q-ATPase actiÕity of proximal
rat trachea

To find if the aging process is linked to changes in
phosphorylation mechanisms in the cyclic GMP modula-
tion of Naq,Kq-ATPase activity of proximal rat trachea we
used okadaic acid, an inhibitor of protein phosphatase-1

Ž .and 2A activities Cohen et al., 1990 . Fig. 4a shows that
incubation of the proximal rat trachea slices with okadaic

Ž . q qacid 1 mM increased proximal Na ,K -ATPase activity
in segments from 4-, 12- and 24-month-old animals. In
addition, no change in Mg2q-ATPase activity in proximal
segments of rat trachea in the three different ages studied

Ž .was obtained after incubation with okadaic acid Fig. 4b .
Therefore, no age-related changes were observed in a step

Ž . q qFig. 3. Effects of 8-bromo-cyclic GMP 100 mM on Na ,K -ATPase
and Mg2q-ATPase activity in proximal rat trachea from 4-, 12- and
24-month-old animals. Homogenates were incubated with 8-bromo-cyclic

Ž .GMP 100 mM for 15 min at 348C. Following incubation the drug was
removed and ATPase was assayed. Mg2q-ATPase activity was measured
in the presence of 3 mM ouabain. Naq,Kq-ATPase was determined from
the difference between total ATPase and Mg2q-ATPase activity. Statisti-
cal analysis — Naq,Kq-ATPase: U 8Br-4 sU 8Br-12 ) control-4 s
control-12)UU control-24sUU 8Br-24, U P -0.001; UU P -0.05.
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Ž . q qFig. 4. Effects of OA 1 mM on proximal Na ,K -ATPase activity in rat
trachea from 4-, 12- and 24-month-old animals. OA was dissolved in

Ž . Ž .DMSO 0.1% and samples were incubated 15 min at 348C with OA or
Ž . 2qvehicle control . Mg -ATPase activity was measured in presence of 3

mM ouabain. Statistical analysis — Naq,Kq-ATPase: U OA-4sU OA-12
)control-4scontrol-12sOA-24)UU control-24, U P -0.001; UU P -

0.05.

downstream from cyclic GMP-dependent protein kinase
Ž .i.e., phosphatase activity acting through proximal rat
trachea Naq,Kq-ATPase.

4. Discussion

We have previously obtained evidence suggesting that
Naq,Kq-ATPase can be modulated by NO-cyclic GMP,
cyclic GMP-dependent protein kinase and protein phos-

Žphatase in rat proximal trachea De Oliveira Elias et al.,
.1999 . We now studied whether proximal segments of rat

trachea show a changing NO modulatory action on
Naq,Kq-ATPase activity through this intracellular pathway
with aging.

The data from this work showed that trachea segments
from 24-month-old animals exhibited a decrease in both
Naq,Kq-ATPase and Mg2q-ATPase activities when com-

Žpared to those from 4- and 12-month-old animals Fig
.1a–c . The reduction in Na pump activity could be due

Žeither to the age-related reduction in ATP levels Hoyer,
.1985 or to changes in the composition of the cell mem-

Žbrane due to lipoperoxidation Chan et al., 1983; Viani et
.al., 1991; Tanaka and Ando, 1992 . In addition, age-re-

lated changes in the expression of Naq,Kq-ATPase a1-

and a3-isoform mRNAs have been reported for rat hip-
Žpocampus and cerebral cortex Chauhan and Siegel, 1996,

.1997 . Therefore, we cannot rule out the possibility that
changes in a- or b-Naq,Kq-ATPase isoform expression
might occur in proximal trachea and represent a candidate
for an age-related factor predisposing to certain chronic
inflammatory diseases.

It has been shown that the age-associated decrease in
vasodilation induced by sodium nitroprusside, adenosine
triphosphate, or adenosine is linked to a reduction of

Ž .guanylate cyclase activity itself or at step s distal to this
enzyme, such as cyclic GMP-phosphodiesterase in vascu-

Ž .lar smooth muscle Ueda and Morikoti, 1991 . The present
study provides indirect evidence for age-related alterations
in the Naq,Kq-ATPase of proximal rat trachea by an
action on cyclic GMP-dependent protein kinase. This ef-
fect is not restricted to trachea since decreased relaxation
in response to sodium nitroprusside has been reported for
longitudinal muscle strips of the gastric fundus from 24-

Ž .month-old rats Smits and Lefebvre, 1995 .
Ž .Our data Fig. 2a showed that the stimulation of

Naq,Kq-ATPase in response to sodium nitroprusside was
Ž .absent in trachea of aged 24 months rats suggesting a

loss of modulatory influence of this pathway in these
animals. With regard to the activation of guanylate cyclase
by NO, the increase in either cyclic GMP or nitriternitrate

Ž .levels induced by sodium nitroprusside Table 1 was
Žsimilar in tissue from all three age groups studied 4-, 12-

.and 24-month-old animals . Therefore, the lack of a
Naq,Kq-ATPase modulatory response to sodium nitroprus-
side with aging is not linked to changes in guanylyl
cyclase activity or to a differential NO release pattern from
sodium nitroprusside in 24-month-old animals, but is prob-
ably related to a step downstream from cyclic GMP, such
as cyclic GMP-dependent protein kinase. Furthermore, no
differences in control cyclic GMP levels were observed in
trachea segments from 24-month-old rats as compared
with levels found in trachea isolated from either 4- or

Ž .12-month-old animals Table 1 . Therefore, there is no
relationship between cyclic GMP levels and the reduction
in Naq,Kq-ATPase found in old animals. Further support
for the notion that cyclic GMP-dependent protein kinase is
a possible site modified by aging came from studies that
showed an age-related decrease in relaxation response in
the rat gastric fundus on treatment with zaprinast, an
inhibitor of cyclic GMP-specific phosphodiesterase activ-

Ž .ity Smits and Lefebvre, 1995 . The results suggest an
age-dependent change in enzyme activity that is compati-
ble with an increase instead of a decrease in cyclic GMP
levels in longitudinal muscle strips of the gastric fundus.

However, the most compelling evidence for a cyclic
GMP-dependent protein kinase deficit in proximal trachea
with aging is observations that 8-bromo-cyclic GMP stim-
ulates rat proximal trachea Naq,Kq-ATPase at 4- and
12-month-old animals, but not at 24 months. These results
suggest that aging affects the cyclic GMP modulatory
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pathway at the level of cyclic GMP-dependent protein
kinase-dependent phosphorylation process. To further in-
vestigate this hypothesis, we used okadaic acid, a protein
phosphatase inhibitor that enhances the net phosphorylated

Žstate of several intracellular proteins Walaas and Green-
.gard, 1991 . The previously observed stimulation of

Naq,Kq-ATPase induced by okadaic acid in 4-month-old
animals was also obtained with tissue from both 12- and
24-month-old animals when compared to the respective
control groups. Therefore, these results suggest that the
decreased response to nitroprusside and 8-bromo-cyclic
GMP of proximal rat trachea with aging is not due to
increased protein phosphatase activity, as the stimulatory
effect of okadaic acid on Na pump activity should have

Ždecreased with age had this been the case De Oliveira
.Elias et al., 1999 .

Studies with cerebellum and hippocampus suggest that
aging affects the NMDA receptorrNO synthasercyclic

Ž .GMP pathway Vallebuona and Raiteri, 1995 . These au-
thors also reported no significant age-related changes in
the basal extracellular levels of cyclic GMP in cerebellum,
suggesting again that the cyclic GMP downstream step is
probably more susceptible to aging. It is interesting to note
that recent reports have suggested that NMDA receptors

Žare present in the airways Inagaki et al., 1995; Said et al.,
.1996 . Glutamate production during a pathological process

has been considered a defense mechanism and it might
have a role in senescence. According to some authors, the
stimulation of Naq,Kq-ATPase activity by glutamate in

Ž .the brain occurs through a carbon monoxide CO rNO-
cyclic GMP and cyclic GMP-dependent protein phospho-

Ž .rylation cascade Nathanson et al., 1995 . Recent studies
suggest that the cyclic AMP pathway is also modified in
the aging process in both peripheral and central nervous

Ž .systems Smits and Lefebvre, 1995; Asanuma et al., 1996 .
Thus, it is conceivable that the convergence of several

Ždifferent pathways such as: cyclic AMPrcyclic AMP-de-
pendent protein kinase and cyclic GMPrcyclic GMP-de-

. q qpendent protein kinase onto Na ,K -ATPase activity
would represent integrated effects of the different inputs,
to allow a more sophisticated control of cellular function
in the aging process.

The present study indicates with indirect evidence that
the stimulation of cyclic GMP-dependent protein kinase by
cyclic GMP is altered in aging animals, leading to a loss of
stimulation of Naq,Kq-ATPase by the NO-cyclic GMP
pathway. Given that homogenised trachea tissue was used,
it is impossible to know if age-related changes in cyclic
GMP-dependent protein kinase occur in epithelial cells or
in tracheobronchial smooth muscle. However, age-related
changes in the NO-cyclic GMP pathway also occur for
glutamate stimulation of rat cerebellar Purkinje

q q Ž .a Na ,K -ATPase data not shown , suggesting that this3

effect is not restricted to proximal trachea and longitudinal
muscle strips of the gastric fundus but appears to represent
the failure of several important mechanisms that involve

cyclic GMP-dependent protein kinase activity in both cen-
tral and peripheral nervous systems of aging animals. This
suggestion is also supported by the observation that several
inhibitors of cyclic GMP-dependent protein kinase blocked
senescence induced by inactivation of T antigen in SV-40-

Ž .transformed immortal human fibroblasts Fujii et al, 1995 .
Therefore, taken together, these results suggest that the
change in the cyclic GMP pathway is involved in the
induction of cellular senescence.

Therefore, it is reasonable to believe that the cyclic
GMP-dependent protein kinase regulation of ciliary beat

Ž . Žfrequency Wyatt et al 1998 and mucin secretion Fischer
.et al 1999 in airway epithelial cells, as well as relaxation

Ž .of the tracheobronchial smooth muscle Zhou et al 1996
could be affected by the aging process. Thus, it would be
interesting to measure cyclic GMP-dependent protein ki-
nase activity in both tracheal epithelium and trachealis
muscle separately for various age groups.
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